Constant rooting by cuttings to raise seedlings at high temperatures during summer in a forced elevated bench culture system of strawberry is important. Abscisic acid (ABA) applied to crown tissue of cuttings of strawberry runner plants at higher temperature (30°C) without low temperature treatment (storage for 2 days at 5°C) stimulated rooting to the same level as at low temperature; however, naphtaleneacetic acid, gibberellic acid, and benzyl adenine did not stimulate rooting well. Sucrose synthase (SuSy) activity increased 1 day after starting ABA treatment at 30°C and 2 days after 5°C exposure. SuSy activity treated with ABA at 30°C was always higher than that without ABA at 30°C. Soluble acid invertase activity at 5°C increased at 1 day compared with that at 30°C, and the activity when treated with ABA at 30°C did not change compared with that without ABA at 30°C. Bound acid invertase activity showed no marked differences among crown tissues treated at 5°C, 30°C, and with ABA at 30°C. The content of ABA in crown tissue of cuttings at 5°C was compared with that at 30°C, but they showed only a slight difference. At high temperature, cuttings of strawberry runner plants produced roots by ABA without low temperature treatment.
Introduction
A forced elevated bench culture system is used to produce strawberry fruit year-round. One of the important problems is how to induce constant rooting from strawberry cuttings to raise seedlings at high temperature in summer. Previously, we reported that cuttings in summer can be easily induced to root by keeping them at 5-20°C for several days and we determined the detailed conditions (Saito et al., 2008) . Today, strawberry growers use cuttings in summer taken from aerial runner plants, and then pre-store them at 5°C for 2 days for rooting before planting. However, it is more efficient and labor-saving to induce the cuttings to root easily without low temperature treatment. Thus, we investigated the rooting stimulation of cuttings using various phytohormones.
Rooting of cuttings of some woody plants is stimulated by auxin-like substances such as indole-butylic acid (IBA) (Dunn et al., 1996; Ercisli et al., 2002; McCracken et al., 1996; Tripouridis et al., 2005) . Rooting of stem cuttings of chrysanthemum and carnation were also increased by IBA and naphtaleneacetic acid (NAA) (van der Pol and Vogelegang, 1983; Yonekura et al., 1999) . Rooting of carnation was inhibited by 2,3,5triiodobenzoic acid, which is an inhibitor of indole-3acetic acid (IAA) transport (Guerrero et al., 1999) . Gibberellin (GA) restricts rooting and, conversely, antigibberellin-like substances stimulate rooting (Hansen, 1988) . Abscisic acid (ABA) increased rooting from bean runner cuttings (Hartung et al., 1980) and pea cuttings (Rasmussen and Andersen, 1980) . To the best of our knowledge, however, phytohormonal stimulation of rooting from cuttings of runner plants of strawberry has not been reported. Generally, more respiratory substrates for rooting are prepared by converting sucrose translocated from leaves to hexose by invertase or sucrose synthase; therefore, invertase or sucrose synthase activity may increase before rooting stimulated by phytohormones. Many studies have investigated the increase in invertase 315 activity by phytohormones. For example, ABA stimulates vacuolar invertase activity in maize leaf (Trowverie et al., 2003) and cell wall-bound invertase activity in avocado seeds (Richings et al., 2000) ; GA stimulates cell wall-bound invertase activity in pea shoots (Wu et al., 1993) ; cytokinine stimulates invertase activity in Chenopodium rubrum (Ehneß and Roitsch, 1997) and auxin increases invertase activity in maize (Long et al., 2002) ; however, few studies have investigated the increase in sucrose synthase activity by phytohormones. For example, GA 3 increases sucrose synthase activity in Phalaenopsis (Chen et al., 1994) and pea (Koerdel and Kutschera, 2000) , and IAA and ABA increase sucrose synthase activity in sorghum grain (Bhatia and Singh, 2002) .
In this study, we investigated the possibility of an alternative technology to low temperature treatment to root cuttings of strawberry runner plants. Thus, the effect of various phytohormones, especially ABA, on rooting was examined, and changes in the endogenous ABA level and the activities of invertase and sucrose synthase were investigated to clarify the mechanism of rooting by ABA treatment.
Materials and Methods

Plant materials
Strawberry (Fragaria × ananassa Duch. 'Tochiotome') plants were planted in an elevated bed system in an expanded polystyrene container in April 2005 to 2007. All runner plants with 2.5 leaves were cut from June to July in each year and were used as cuttings as described by Saito et al. (2008) .
Phytohormonal treatment
Runner plants with 2.5 leaves, which had been stored for 2 days at 30°C, were cut and wrapped with a cotton cloth around the crown tissue. The cotton cloth was then supplied with 1 mL of each hormonal solution (20, 100, and 200 ppm ABA, 50 ppm BA, 50 ppm GA 3 , 100 ppm NAA, and 0 ppm of each phytohormone as the control) prepared by diluting each hormone that was dissolved in a small amount of ethanol in 100-fold of 10% (w/v) Tween-20 solution (Fig. 2a ). The treated cuttings were transferred to 5 cm mesh on the bottom of a plastic box (W22 cm × D32 cm × H23 cm) containing 10 mm water. The box was covered with a thin vinyl film that allowed air permeability but maintained sufficient high humidity.
The cuttings were maintained for 2 days at 30°C with a 16 h day length. The cotton cloths were then removed from the crown tissue of the cuttings. The cuttings with low temperature treatment were maintained for 2 days at 5°C with a 16 h day length without wrapping with a cotton cloth. The cuttings were cultured for more 5 days under the same conditions and the rooting was observed visually. Each sample was taken at 0, 1, 2, 3, and 7 days for the enzyme assay and 0 and 3 days for ABA analysis. Figure 1 shows the time schedule.
Extraction and determination of ABA
The crown tissue of strawberry (5 g FW) sampled from 10 cuttings was homogenized in 80% acetone containing 1% acetic acid in water (10 mL·g −1 fresh weight of crown tissue) using a polytoron (PT3100; Kinematica AG, Lucerne, Switzerland) with 35 ng of (S)-[1,2-13 C 2 ]-ABA as an internal standard and 0.5% sodium ascorbate as an antioxidant, as described by Maeda et al. (2002) . The homogenate was centrifuged at 3000 × g for 10 min, and the supernatant was to cuttings of runner plants. Cuttings were treated at 0 day with 100 ppm ABA at 30°C or without ABA at 5°C. Samples were collected 0, 1, 2, 3, and 7 days after starting treatment. evaporated in vacuo to remove acetone. The aqueous residue was adjusted to pH 8.3, 5% (w/v) of Polyclar VT (Wako Pure Chemical Industries Ltd., Osaka, Japan) was added and the mixture was filtered. The filtrate was adjusted to pH 2.5 with 1 N HCl, and partitioned twice with an equal volume of ethylacetate. The resulting acidic ethylacetate-soluble fraction was concentrated in vacuo, re-dissolved in 3 mL of 20% (v/v) methanol containing 1% (v/v) acetic acid in water, and treated with C 18 Sep-Pak cartridges (Waters Co., MA, USA) as described by Maeda et al. (2002) . The sample solution was injected into a liquid chromatography system (Hitachi High-Technologies Co., Tokyo, Japan) with a Senshu Pak PEGASIL-B OSD column (4.5 × 150 mm) (Senshu Scientific Co., Ltd., Tokyo, Japan) and was chromatographed with a stepwise gradient ratio of 10% (v/v) methanol containing 0.1% (v/v) acetic acid and 60% (v/v) methanol containing 1% (v/v) acetic acid at a flow rate of 1 mL·min −1 . The eluate with a retention time corresponding to that of standard ABA was collected by monitoring at 262 nm. Water (5 mL) was added to the collected eluate (1 mL) and the mixture was adjusted to pH 2.0 by 1 N HCl and partitioned twice with 5 mL diethylether. The diethylether phase was collected, dried under N 2 gas and methylated with etherial diazomethane at room temperature. The methylated samples underwent gas chromatography connected to a mass spectrometer (GC-MS, JMS-K9; JEOL Ltd., Tokyo, Japan) with a HPI column (30 m × 0.32 mm, 0.25 μ film thickness, Shimadzu GLC Ltd., Tokyo, Japan). The analytical condition was: injection temperature, 250°C; carrier gas, He at a flow rate of 1 mL·min −1 ; ionization voltage, 70 ev; detection temperature, 250°C. The oven temperature was kept at 80°C for 1 min and was increased to 200°C at a rate of 25°C·min −1 , and held at 200°C for 5 min. The selection ion monitoring (SIM) mode was used to detect ions of m/z 190 for ABA-Me and of m/z 192 for 13 C-ABA-Me.
Enzyme extraction
To extract the soluble enzymes (soluble acid invertase and sucrose synthase), crown tissue (2 g FW) was ground with a pestle and mortar in 10 mL of 100 mM Kphosphate buffer (pH 8.0) containing 1 mM disodium ethylene diamine-tetra-acetate, 10 mM Na-ascorbate, 10 mM β-mercaptoethanol (ME), 6% glycerol, and 10% (w/v) Polyclar VT at 4°C as described by Yamada et al. (2006) . The homogenate was centrifuged at 13000 × g for 20 min. Supernatant solution was treated with a Sephadex G-25 column (NAP10; GE Healthcare UK Ltd., Little Chalfont, England) and with 80% saturation of ammonium sulfate to obtain a cruid enzyme for soluble acid invertase. The precipitate of the homogenate was suspended in 100 mM K-phosphate buffer (pH 8.0) containing 1 M NaCl and 10 mM ME, and was incubated for 2 h at 4°C. The supernatant was treated with 80% saturation of ammonium sulfate and NAP10 to obtain cell wall-bound invertase according to the method by Yamada et al. (2006) .
Enzyme assay
Soluble and cell wall-bound acid invertase activities were assayed by modifying the method described by Tanase and Yamaki (2000) . The reaction mixture contained 10 mM acetate buffer (pH 5.0), 100 mM sucrose, and the enzyme solution. The activities were assayed by determining the amount of glucose produced from sucrose, using the enzyme coupling method composed of glucose-6-phsphate dehydorgenase, hexokinase, ATP-Mg, and NAD + . Sucrose synthase activity was assayed by modifying the method of Tanase and Yamaki (2000) . The reaction mixture contained 30 mM HEPES-KOH buffer (pH 8.5), 30 mM fructose, 2 mM UDP-glucose, 5 mM MgCl 2 , 1.3 mM NaF, and the enzyme solution. Sucrose production was determined using the resolucinol method of Roe (1934) .
Results
Effect of phytohormones on rooting
When the crown of cuttings was treated with ABA at a continuous 30°C (Fig. 1) , the number of roots per crown of cutting was 0.8, more than other treatments, without phytohormones (0.1), GA (0.1), BA (0.1), and NAA (0.2) (Fig. 2b) .
Comparison of rooting between cuttings treated with ABA at 30°C and without ABA at 5°C
Rooting frequency was compared among cuttings treated with 20, 100, 200 ppm ABA, low temperature (5°C), and high temperature (30°C) for 2 days (Fig. 3) . Crown tissue of cuttings treated with 20 ppm or 100 ppm ABA at 30°C produced roots at a similar frequency to 5°C treatment (0.8, number of roots per crown) and grew more roots than that at 30°C; however, almost all cuttings Fig. 3 . Comparison of rooting between cuttings treated with ABA at 30°C and without ABA at 5°C. Cuttings were treated with 20 ppm and 100 ppm ABA at 30°C and without ABA at 5°C, as shown in the time schedule of Figure 1 . Means followed by the same letter were not significantly different by Tukey's test at P < 0.05 (n = 10). treated with 200 ppm ABA did not grow after the 7th day (data not shown).
Changes in sucrose synthase activity during rooting with ABA at 30°C and without ABA at 5°C Sucrose synthase (SuSy) activity in crown tissue of cuttings increased 7 days after starting treatment at a continuous 30°C (Fig. 4) . SuSy activity in crown tissue of cuttings cultured at 5°C for 2 days increased markedly 2 days after starting treatment, and then gradually decreased to the level before treatment by the 7th day. SuSy activity in crown tissue treated with ABA for 2 days increased rapidly after 1 day, decreased after 2 and 3 days but had increased to about 7 μmol again by the 7th day. The increase of the activity by ABA treatment occurred one day earlier than that at 5°C treatment.
Changes in acid invertase activity during rooting with
ABA at 30°C and without ABA at 5°C Soluble acid invertase (SAIV) activity of the 30°C treatment remained roughly constant up to 3 days, with a decrease at 7 days (Fig. 5a ). SAIV activity at 5°C increased 1 day after starting treatment, and was higher throughout the treatment period than before treatment. In particular, at 5°C, there was a striking difference in SAIV activities at 2 and 7 days compared with before treatment; however, SAIV activity with ABA treatment at 30°C changed little throughout the 7 days. Bound acid invertase (BAIV) activity with each treatment was less than 40% of SAIV activity (Fig. 5b ). There were no marked differences in BAIV among 5°C, 30°C, and ABA treatment at 30°C.
ABA content in crown tissue of cuttings during rooting at 5°C
The ABA content in crown tissue was determined using cuttings that were pre-treated at 30°C for 2 days, grown for 2 days at 5°C or 30°C, and then grown at 30°C for 1 day (Table 1) . ABA content in the crown showed little difference between 5°C and 30°C, but ABA content in both treatments was higher than before treatment.
Discussion
In the experiment of applying various phytohormones, ABA at 30°C stimulated the rooting of cuttings of Fig. 4 . Effect of ABA at 30°C and of 5°C on sucrose synthase activity in crown tissue of cuttings. Each sample was harvested 0, 1, 2, 3, and 7 days after starting treatment. Sucrose synthase was taken from crown tissue of each sample and was assayed using the method described in Materials and Methods. Enzyme extraction and assay were performed in triplicate. Each bar represents SE (n = 3).
Fig. 5.
Effect of ABA at 30°C and of 5°C on invertase activity in crown tissue of cuttings. Each sample was taken at 0, 1, 2, 3, and 7 days after starting treatment. Soluble acid invertase (SAIV) (a) and bound acid invertase (BAIV) (b) were extracted from crown tissue of each sample and assayed using the method described in Materials and Methods. Enzyme extraction and assay were performed in triplicate. Each bar represents SE (n = 3). z Extractions and determination of ABA were performed in triplicate. Mean ± SE (n = 3). y Samples were taken at 0 day, as shown in the time schedule of Figure 1 . x Samples were taken 3 days after starting each treatment, as shown in the time schedule of Figure 1 . strawberry runner plants at the same level as rooting at 5°C. Rooting stimulated by ABA has been reported only for bean runner cuttings (Hartung et al., 1980) and pea cuttings (Rasmussen and Andersen, 1980) . In the present experiment, however, 50 ppm GA and 50 ppm BA showed no increase, and 100 ppm NAA showed little increase, compared with the control (30°C). To the best of our knowledge, there are no reports on the stimulation of rooting by GA or BA. Substrates required for active rooting from cuttings of strawberry runner plants have to be prepared by the breakdown of accumulated starch or unloaded sucrose in crown tissue; however, roots that grow from crown tissue contain a small amount of starch compared with soluble sugar, such as sucrose, glucose, and fructose, at the same stage as in this study (Macias-Rodriguez et al., 2002) ; therefore, the main supply of substrate needs for rooting depends on sucrose unloaded from the phloem tissue of cuttings. The function of sucrose synthase and acid invertase, especially BAIV, is primarily important. SuSy activities at 5°C and with ABA at 30°C increased at an early stage before rooting compared with 30°C. The increase in SuSy activity is important to supply fructose as a substrate needed for rooting by metabolizing sucrose unloaded in crown tissue through the symplastic pathway. It was interesting that the increase in SuSy activity with ABA at 30°C was one day earlier than the increase at 5°C, because ABA synthesis was reported to be induced by low temperature (Guy, 1990) . SuSy activity increased with ABA in sorghum grain (Bhatia and Singh, 2002) . If 5°C treatment increased ABA synthesis in this study, that 5°C treatment stimulated SuSy activity one day later than stimulation by ABA may be reasonable; however, 5°C treatment only increased the ABA content slightly in crown tissue (Table 1) . Therefore, ABA and low temperature stimulate rooting in different ways, not by stimulating ABA synthesis at low temperature.
BAIV activity showed no clear differences among treatments, ABA at 30°C, ABA at 5°C, and continuous 30°C. Thus, the supply of substrates through the apoplastic pathway with sucrose breakdown by BAIV is not particularly active in the rooting of strawberry cuttings. SAIV activity increased at 5°C, but not with ABA treatment at 30°C compared with that treated without ABA at 30°C, even though ABA stimulates SAIV activity in maize leaf (Trowverie et al., 2003) ; therefore, only 5°C treatment stimulated SAIV activity. SAIV activity increased after one day, which was one day earlier than the increase in sucrose synthase at 2 days after starting treatment. Because the substrate supply with ABA at 30°C had already started after one day by the increase in sucrose synthase, stimulation of SAIV at 5°C may have a more important role one day after starting treatment than sucrose synthase for rooting at low temperature; however, SAIV is generally recognized to be localized in vacuoles. Sucrose accumulated in vacuoles may be degradated first by SAIV to supply hexose as the substrate for rooting.
As mentioned above, ABA stimulated SuSy activity at one day for rooting but did not stimulate SAIV activity. On the other hand, 5°C treatment stimulated SAIV activity at one day and sucrose synthase activity at 2 days for rooting, but did not increase ABA content; therefore, the rooting process will be different between with ABA at 30 and 5°C. The detailed mechanism of rooting by both treatments remains to be solved in the future. In this study, cuttings of strawberry runner plants treated with ABA but without low temperature produced roots at a high temperature in the summer. This finding makes it possible to supply strawberry sets stably even in summer and is useful for growers who use a forcing elevated bench culture system to produce strawberry fruit year-round.
